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Parametric B-spline curves offer a flexible and appropriate mathematical description of scattering
length density profiles in specular re8ectivity analysis. Profiles combining smooth and sharp features
can be defined in low dimensional representations using control points in the density-depth plane
which provide graded local inQuence on profile shape. These profiles exist in vector spaces defined by
B-spline order and parameter knot set, which can be systematically densified during analysis. Such
profiles can easily be rendered as adaptive histograms for reQectivity computation. B-spline order
can be chosen to accommodate the aymptotic (large-Q) behavior indicated by re8ectivity data. We
describe an interactive fitting strategy in which the Nelder and Mead simplex method is used in the
B-spline control point space to guide the discovery of profiles that can produce given reHectivity
data. Examples using actual and simulated spectra are discussed.

I. INTR.ODUCTION

In this paper we describe the application of paramet-
ric B-spline curves to the model-free determination of
neutron and x-ray scattering length density profiles from
measurements of specular reIH. ectivity, a problem of cur-
rent and increasing interest. The goal, briefly, is to de-
termine a p(z), representing the scattering length den-
sity of a thin film as a function of depth, from a spec-
trum ~R(Q) ~, representing reflectivity as a function of
the wave vector or, equivalently, the incident or reAection
angle. For a given profile p(z), the specular reflectance
R(Q) can be computed exactly for practical purposes,
but the inverse problem of determining p(z) from ~R(Q)

~

is neither straightforward nor entirely well defined, the
loss of phase information in relating ~R(Q)

~

to R(Q) be-
ing the most evident but not the only mathematical
obstacle. While the inverse scattering problem techni-
cally is solvable in one dimension when R(Q) is known
everywhere in Q, 2 the approach does not yet appear to be
practical. Methods akin to isotopic substitution in crys-
tallography have been shown to be effective in providing
phase information in x-ray reHectivity from thin films
by varying the x-ray wavelength through the substrate
absorption edge in order to selectively change atomic
scattering lengths within the films. Maximum entropy
methods which are model-free, but in a different sense
from the usage we employ below also have been de-
veloped for obtaining density profiles from reflectivity
spectra. '

Most approaches to analyzing reAectivities are variants
of curve fitting and employ the generic components
illustrated in Fig. 1. These are the following: (1) De-
scribe and (2) render (i.e. , approximate) candidate den-
sity profiles; (3) compute corresponding trial reflectivi-
ties: (4) compare trials with reflectivity data, which en-
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FIG. 1. Flow diagram for curve fitting approaches to spec-
ular re8ectivity analysis.

tails the choice of an objective function, such as a y;
and (5) update profiles using an optimization or equiv-
alent scheme to minimize the objective. In this context,
the first stage, the mathematical description of profiles,
is the one which mainly distinguishes model-based ap-
proaches from model-free methods. Model-based fittings
test parametrized formulas, often resulting from or moti-
vated by theoretical predictions. Model-free descriptions
test restricted function spaces. Since both approaches in-
volve fit variables, distinguishing between them is not en-
tirely clear-cut. The sharpest mathematical distinction
is that models usually are nonlinear functions of their
parameters; function spaces are spanned by linear com-
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binations of suitable bases. Consequently, models tend
to probe limited classes of profile shapes, especially when
using a small number of fit variables, while model-free de-
scriptions, in principle, have a larger range.

In most model-free and mod. el-based methods, can-
didate profiles of arbitrary shape are rendered into ap-
proximations suitable for computing the corresponding
reflectivities. Common rendering schemes are based
on making rectangular approximations to p(z), as in
elementary numerical integration, since the reflectivity
then can be computed exactly for the given rendering
using transfer matrix or continued fraction techniques.
In some model-free approaches, rectangular representa-
tions do double duty as the mathematical descriptions
of candidate profiles, blurring the distinction between
the first two components in Fig. 1. Such box function
spaces usually must be high dimensioned in order to ad-
equately represent smooth profiles, but effective search-
ing of function spaces benefits from low-dimensional de-
scriptions. The competing aspects of rectangular rep-
resentations have been addressed in different ways in
recent model-free analyses, including systematic dimen-
sional refinement and advanced Monte Carlo optimiza-
tion techniques. ' Here we will construct profiles as
parametric B-spline curves, which admit reasonably low-
dimensional descriptions of complex shapes, and render
them as high-dimensional adaptive rectangular approxi-
mations for efFectively exact computation of ~R(Q) ~

ev-
erywhere in Q.

Several recent works have employed nonrectangu-
lar representations of function spaces to describe scat-
tering length density profiles for model- free reflec-
tivity analysis. ' ' 2 Pedersen and Pedersen and
Hamley exploited the utility of (nonparametric)
cubic B-spline curves in this context, based on Glat-
ter's original applications to small angle scattering.
Our use of parametric B-spline curves was arrived. at
independently and was motivated in part by contact
with literature on computer graphics, in which paramet-
ric B-spline curves and related curvilinear forms have
received a great deal of attention. The concentration on
parametric curves, or z-p trajectories, provides a fairly
general approach to the description of profile shapes and
their discovery by data fitting. Furthermore, the meth-
ods involve mathematical details we think are relevant
and interesting, as will be discussed below.

B-spline theory may be found in several text-
books. Nevertheless, in order to keep the present
discussion reasonably self-contained and allow for a cohe-
sive development, we give a focused review of parametric
B-spline curves in the Appendix. In Sec. II we adapt this
material to the analysis of reflectivity spectra and in Sec.
III we describe our curve fitting methods in detail. Ex-
amples of applications are shown in Sec. IV. A summary
and conclusion follow in Sec. V.

of that figure will be developed. mainly in the next sec-
tion. In model-free fitting methods, deciding on a math-
ematical description of p(z) essentially means choosing a
function space "large" enough to contain potentially in-
teresting profiles but "small" enough to permit feasible
surveys. Our response to these conflicting demands is to
restrict candidates for p(z) to parametric B-spline func-
tion spaces. This actually involves two separate mathe-
matical notions. Parametric functions representing p(z)
are trajectories (general curves) in the z-p plane. Most
z-p trajectories are not p(z) functions, in fact, and thus
are unacceptable as physical profiles. However, the same
flexibility that permits "too much" variation also enables
the description of p(z) functions with features, such as
corners and cusps, that are not easily provided other-
wise. Thus the practical application of parametric curves
to our fitting problem requires finding ways to sensibly
restrict parametric flexibility without suppressing it all
together. This means allowing the fitting procedure to
probe near the boundary between physical and nonphys-
ical profile shapes. The B-spline representation provides
one way to handle this.

B splines are localized, piecewise continuous polyno-
mial functions from which general splines can be con-
structed, and they serve as bases functions for suitably
defined spline function spaces. For our purposes the ef-
fectiveness of B splines springs from a useful compromise
between smoothness and locality. Constructing extended
curves from localized bases usually entails losing some de-

gree of smoothness (continuity of derivatives). The more
localized the descriptions, the less smooth the curves, in
general. At one extreme, rectangular representations of
curves using box functions provide the sharpest spatial
resolution but the least degree of smoothness; even con-
tinuity is lost. At the other extreme, Fourier represen-
tations give the smoothest possible descriptions but the
least sharp spatial resolution or locality. Smoothness can
be mimicked in rectangular representations only by using
many boxes, while locality can be mimicked in Fourier
representations only by using many frequencies. Gen-
erally, but not always, low-dimensional rectangular and
Fourier representations are too restrictive for model-free
applications. B splines, on the other hand, have mech-
anisms for adjusting the degree of smoothness, and thus
locality, which can be adapted to various applications.

Parametric B splines are parametric curves in which
the component coordinate functions are each represented
as B-spline curves. The conjunction of these distinct el-
ements provides a means of embedding physically mean-
ingful p(z) curves in moderately low-dimensional func-
tion spaces that prove to be at once rich and manageable.

A. De6ning the space

II. REPRESENTING DENSITY PROFILES

In this section we elaborate on the first box of Fig. 1,
which we introduced in Sec. I. The remaining elements

Scattering length density profiles p(z) may be repre-
sented by parametric B-spline curves of suitable order.
We soon will choose cubic B splines, A; = 4, but for a
while we retain the generality of an arbitrary k. Using
the conventions of the Appendix, Sec. 1, these curves
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have the mathematical form

C( ) = (z( ) &(u)) = ) ~'B'.i (u)
i=p

where u is the evolution parameter of the curve, the
B, &(u) are B-spline functions of order k, uniquely de-

fined by a discrete set of parameter values (u, )o
+" called

the knot sequence, and

V; = (z;, p;), i =O, . . . , m, , (2)

are the control points of the curve in the z-p plane, which
for given order and knot sequence uniquely specify C(u).

As discussed in the Appendix, Sec. 2, the coordinate
functions z(u) and p(u) belong to spline vector spaces
S" in which they vary independently. Thus the paramet-
ric curves (z(u), p(u)) belong to direct product spaces
S" S". Unrestricted direct product spaces are too
large for the problem at hand, however. In addition to
all the curves which may describe physically meaningful
p(z), they contain many that cannot. These are reen-
trant z-p trajectories (having loops, etc.), which are not
single-valued functions. The geometrically relevant el-
ements of S {3S" are trajectories for which the position
coordinates z(u) are nondecreasing functions of u to en-
sure that z values do not recur along the curves. Let us
call this portion of the space 8". Then we have

are never negative, and B splines are everywhere non-
negative, Sec. 1 of the Appendix; so the ordering in Eq.
(4) is sufficient to make z~ &(u) & 0, as required. For
k & 2, strict ordering is not necessary for monotonic be-
havior, however. If zi & zi 1 for some i, the sum in Eq.
(6) may still be non-negative. Higher-order spline curves
tend to be stiffer in this regard; a larger k entails more
terms in the sum, providing more opportunities for com-
pensation of a negative contribution. Thus the boundary
of 8 is convoluted and dificult to characterize, but func-
tions on this boundary are important descriptively. They
provide instances of p(z) in which overall smoothness is
punctuated by sharp features, such as edges and corners.
It is desirable that model-&ee fitting methods be able to
find them. The constraint of Eq. (4) is overly restrictive
but relatively easy to impose. We describe a strategy for
doing this in Sec. IIIA.

It is desirable to be able to refine the description of a
curve by adding more control vertices without initially
perturbing it. Remarkably, this is possible; ~ a B-
spline curve can be exactly rerepresented by a longer con-
trol sequence. Refinement follows naturally from the vec-
tor space properties of B splines; ' any spline curve
may be embedded in spaces of higher dimension. A gen-
eral solution of this problem is provided by the "Oslo"
method. ' The basic idea is to choose one or more
curve segments for refinement and subdivide the corre-
sponding parameter knot segments. The Oslo algorithm
then computes a new B-spline basis on the larger knot
sequence and. finds the expanded control graph needed to
reconstruct the original curve in the new basis. The Oslo
algorithm is defined in the Appendix, Sec. 2.

Sk @ Sk ~ gk ~ Sk B. Choosing B-spline order

The second relation in Eq. (3) follows from the fact that
(for A, ) 0) S" is equivalent to a subspace of S" S"
in which z(u) is an affine tranformation of u, which also
makes it a subspace of 8". To produce monotonic z(u),
it suffices to restrict (z;j to monotonic sequences:

zp&z1& -. &zm. (4)

m+1
z(u) = ) z,B;k(u)

i=p

The proof is simple. Nondecreasing z(u) requires a non-
negative first derivative zoril(u). The derivative of

The degree of smoothness required of functions in-
tended to represent physical scattering length density
profiles is difBcult to pin down and will depend, among
other concerns, on the range and quality of the reHec-
tivity data being analyzed. Typically, we expect model
density profiles to be more or less smooth, with occa-
sional interruptions by sharp features, possibly at the
edges of the film and at interior interfaces. One of the
few formal quides to smoothness requirements in this
context is provided by the Riemann-Lebesque-Lightill
theorem, 7 which relates the asymtotic (large-Q) behav-
ior of a Fourier transform to the integrability of the direct
function and its derivatives. It is well known, (see, e.g. ,
Refs. 28, 29) that as Q ~ oo, the specular reflectivity
IR(Q) I

is given exactly by the Born approximation

ls

8
z~ &(u) = (k —1) ) ' ' B;,A, i(u), (6)

+i+k —1 &i

where

(8)

for uh ( u ( u~+i. 2 The denominators in Eq. (6)
is the Fourier transform of p(z), and Q is the scatter-
ing wave vector. According to the Riemann-Lebesgue-
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Lighthill theorem, if p& i(z) is square integrable, then

p[Q] falls to zero at least as fast as Q ", for Q -+
oo. The case n = 0, meaning square-integrable p(z),
conforms to the original Riemann-Lebesque lemma. If
pl'~(z) is the highest derivative that is square integrable,
then p[Q] falls to zero no faster than Q ' . The limit
8 ~ oo corresponds to "smooth" functions in the for-
mal sense; then p[Q] falls to zero faster than any power
law (e.g. , the Fourier transform of a Gaussian). If r de-
notes the highest derivative which is continuous, then
s = r + 1. Thus, if C' is the (highest) continuity class of
p(z), then p[Q] falls no faster than Q

" . Therefore, for

p(z) C S"S", ~R(Q)~ falls no faster than Q
2" 2. The

case k = 1 (Q ) corresponds nominally to Fresnel re-
Hection from sharp interfaces. However, the description
of sharp interfaces does not require the use of k = 1 B
splines. As discussed in the Appendix, k collinear con-
trol vertices produce a straight segment, and these can be
vertically aligned to form an edge. Similarly, k =2 (lin-
ear) spline curves are not required for tentlike corners.
These can be formed by k —1 coincident control vertices.
In general, parametric B-spline representations of p(z)
can display isolated features that are sharper than the
nominal smoothness dictated by B-spline order.

The limiting degree of smoothness required of p(z) is
set effectively by the fastest anticipated fall of the reHec-
tivity, in concert with other, harder-to-quantify consid-
erations. For example, if the data exhibit a Fresnel-like

(Q ) fall at large Q, p(z) must contain at least one sharp
edge or step of signigicant height; it is likely, however,
that a smoother overall description than that afforded
by k = I is needed for a low-dimensional model. The
observed fall at large Q is allowed by a description based
on B splines of higher order. Similarly, an asymptotic
Q requires at least k = 2, but a low-dimensional linear
model may not be correct, overall. On the other hand,
there would seem to be little gain in using an unnecesarily
high-order description. Aside from the heavier computa-
tional burden this entails, it also means that more control
vertices have to be involved in the description of sharp
features, and it forces tighter, longer-ranged. correlations
among spline segments.

In this work, we use cubic B splines, k = 4, for
the parametric descriptions of p(z), which would appear
to offer an effective compromise of these competing de-
mands. In particular, k =4 accommodates an asymptotic
fall as strong as Q, which is fast compared to typical
reHectivity data, but just fast enough for density profiles
having everywhere continuous curvature. Each segment
of the curve needs four control vertices, and no more than
four consecutive segments interact. In this description,
true verticals and Hats need four collinear vertices, and
true cusps require threefold vertex multiplicitites. The
effects of rendering, discussed below, act to weaken these
exacting requirements.

control graph. These dependent vertices are known as
"phantoms" to the convey the idea they may also be in-
troduced behind the scenes. ' I et the candidate films
extend from a front face at z = 0 to a back face at z = L,
where L is the film thickness. If in fact L is not known
with reasonable accuracy, or cannot be inferred from mul-
tilayer diffraction peaks, different values must be tried.
We do not use I as a dynamic fit variable. For k = 4 and
an arbitrary knot sequence, we have derived the phan-
toms for the curves of Eq. (1) as

(0, p(0)) —agVx —a2V2
Vo =

Qp

and

(I,p(L) ) —bgV g
—6,Vm— )

bp
(10)

where the coefBcients are

Q2

tt4 —F3
~4 —~X ~4 —2
tL3 —D) tL4 —ll3 Q,5 —tI,3 D3 —Vl2+ )4 —&j. ~4 —2 &5 —2

tt3 —tt 2

tl 5 —tL2 tt 4 —tL2

bp

b2 ——

(~m+i —~m)

(u-+. —u-)(~-+2 —u-) '

(urn+3 &m+1) (+m+3 um)

(&m+3 um) (urn+2 &m)

(&m+1 &m —1)(&m+2 &m —1)+ )
(~-+2 —~--~) (~-+2 —~-)

(" +2 " +~)2

(~-+. —~--~) (u-+2 —u-)

Vp Vi) -,V~ x, V

which comprises a subgraph visible to the fitting proce-
dure)

2) . , m-2) m-i ) (14)

We assume, further, that the end-point values of p(z) are
given by the scattering length densities of the incident
and substrate media. Apparant deviations from this be-
havior are easily accounted for by control vertices near
the end points. These constraints, therefore, do not prove
to be overly restrictive and can be changed for particular
applications.

On a given knot sequence, a candidate p(z) thus is
defined by a control graph

C. Fixing end points

We assume that the end points of p(z) are known and
fix them by constraining the vertices at each end of the

and the phantom vertices Vp and. V, which are com-
puted with Eqs. (9) and (10). Considerations germane
to B-spline knot selection are discussed in the Appendix,
Sec. 4. We initialize p(z) on uniform parameter knot
sequences, Eq. (A15), with k = 4. If we let N be the
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number of visible control vertices and M the number of
knots on the curve, then for this case N = M. Figure
2 illustrates some basic anatomy of parametric B-spline
scattering length density profiles which are relevant for
applications. Our B-spline computational methods are
outlined in the Appendix, Sec. 3.

III. FITTING REFLECTIVITY DATA

A. Searching the space

We use the Nelder-Mead simplex method to
search the z-p plane for visible control graphs V which
lead to acceptable agreement between calculated and
measured re8ectivities. A simplex in n-dimensional
Cartesian space is a polyhedron having n + 1 vertices.
Since we have preempted the term "vertex" for use with
parametric spline curves, we refer to simplex vertices,
henceforth, as nodes. A simplex is formed by joining ev-
ery node to every other node. When the n edges incident
to a node are 1inearly independent, the simplex spans the
n-dimensional space. In the simplex method the nodes
are vectors holding the Gt variables. The dimension of
the space depends on how one chooses to group these
variables. For parametric B'-spline curves it is natural to
consider individual control vertices, V; = (z;, p, ), as be-
ing two-dimensional fit variables. A node P then consti-
tutes an (m —1)-dimensional vector in the simplex space,
with each of its components (i.e. , slots in the list of fit
variables) holding a control vertex. A simplex comprises
m such nodes, Vq, for q = 0, . . . , m —1. Each node is a vis-
ible control graph, which, when augmented by phantoms,

—2.0—

-4 -2 0 2 4 6 8 10 12
z (arb. units)

FIG. 2. Fictitious scattering length density profiles made
with parametric uniform cubic B splines. The curves consists
of 12 visible segments divided by 13 knots (~). The first and
last of these are fixed points at (p, z) coordinates (0,—1) and
(10,1). The fiat portions to the left and right are uot part of
the spline. The curve is defined by 13 visible control vertices
(+) and 2 phantoms () calculated to fix the ends. The line
connecting the vertices is the control graph. Four collinear
control vertices, 3—6, produce a Hat portion in segment 4.
Triply degenerate vertices, 8—10, produce a corner cusp at
z = 7. The curve ends with a vertical slope at (10,1).

generates a candidate p(z) for the fit. Each p(z), in turn,
generates a value of an objective function, a function (ac-
tually, a functional) which measures the closeness of the
fit. The nodes of a simplex can be ordered according to
their objective values, from lowest to highest.

The Nelder-Mead algorithm is a set of 6nite linear
trans formations on simplices, which are designed to
seek lower values of the objective by systematically driv-
ing the simplex away from high values. Each move starts
with an attempt to replace the highest node by a lower
node, not necessarily a new lowest. The discovery of a
new lowest node triggers an attempt to stretch the sim-
plex in the successful direction; failure to improve on
the highest node triggers a move which compresses the
simplex toward the current lowest node. In all, some
12 different moves are available in the standard method.
The algorithm does not terminate automatically. If the
lowest node is a local minimum (and the entire simplex
is within its basin), the simplex contracts toward it until
stopped. However, the lowest node is never replaced by a
higher one, a property which endows the simplex with a
degree of stability and persistence. The moves are scaled
by the size of the simplex, and so the simplex tends to
move more "slowly" when it is near a local minimum or
in states in which it is difBcult to improve on the high
node. In worst cases, the simplex contracts exponentially
without reaching a minimum, which may be the method's
most serious deficiency. This problem can be mitigated
by expanding the simplex from time to time about the
low node.

Since the simplex moves are linear transformations,
they preserve linear relationships among nodal compo-
nents which are common to all the nodes. As Nelder and
Mead originally pointed out, this manifold property can
be used to advantage to impose constraints on the sim-
plex search. For example, a repeating component pattern
common to all nodes is a linear invariant and thus is
preserved by simplex moves. As we will demonstrate in
Sec. IV, this provides a handy way of incorporating mu1-
tilayer structures into parametric B-spline descriptions
of p(z).

The manifold property cannot strictly enforce the or-
dering of the (z,.) indicated in Eq. (4), because an order-
ing constraint is not a linear invariant. Thus a sim-
plex that comes near the hard border represented by
Eq. (4) may cross it and ultimately produce unphysi-
cal candidates for p(z). Strict ordering can be imposed
with an explicit sorting operation, but this sometimes
mill be incompatible with end-point control; sorting only
the visible sequence fz;jz does not guarantee that the
dependent phantoms will be consistent with the sort,
while sorting the entire sequence {z,) may change the
end points. Alternatively, simplex moves producing out-
of-sort nodes could be rejected, but this would require
expensive testing and decisions about what moves to sub-
stitute without defeating the carefully designed simplex
strategy. For simplicity, in the applications to be de-
scribed in Sec. IV, we sorted the visible (z,). Our ex-
perience, however, is that this precaution mainly comes
into play in early stages of Gtting, before the simplex has
been well trained on the objective. Figure 3 illustrates
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4.0 where
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@
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Oz
(18)

In Eq. (18), ko, ——k sin 0, where 8 is the angle of inci-
dence of the neutron beam on the film, measured &om
the film surface, and where hk is the momentum of the
incident beam. In conventional experiments, the film be-
ing studied is sandwiched between fronting (incidence)
and backing media (one of which typically is air) having
constant p(z), with z = 0 locating the film's front edge
and z = L the back. Then, the wave function in the
fronting medium is

FIG. 3. The unphysical loop results from lifting the degen-
eracy in Fig. 2 with out-of-sort vertices. The unphysical bow
at the right edge results from vertex 13 being too far to the
right. In practice such loops are rarely observed because of
the initialization method used, but bowed edges are common
if the specified film thickness is too small.

vP(z) = e*"~'+Re

while in the backing medium,

@(z) = Te'"", (20)

behavior in the unphysical portion of the spline space.
For the objectives to be minimized we use ratio-

sensitive functionals of the type

where D is the measurement of IR(Q)I at Q = Q, E
is the corresponding trial value for a candidate p(z), N
is the number of data points, and D A E is the smaller
of D and E„. The exponent p is an integer. D and
E are everywhere non-negative; in fact, each lies in the
interval [0, 1]. This objective class comprises symmetric,
non-error-weighted measures of closeness of fit, punish-
ing bad ratios of D and E equally, regardless of whether
D & E or D ( E. Ratio measures are well suited to
comparing reflectivity curves, which typically range over
many orders of magnitude. We have found that p = 1
works well with the simplex search method, since it is
efFective in reducing the rate of simplex shrinkage. For
this case, the objective can be expressed as

N

=1
(16)

B. Rendering and computation

For specular scattering from a film having infinite ex-
tents in the x and y directions and a scattering length
density which varies only along the z direction, it is nec-
essary to solve the one-dimensional Schrodinger equation

@"(z)+ k.'(z)@(z) = o

where D V E is the larger of D and E . The first term
in Eq. (16) is just the average upper-to-lower ratio of the
two curves.

where ky = k, (z) for z & 0, and kg = k, (z) for z ) L.
In these equations, R = R(Q) and T = T(Q) are the
reflection and transmission amplitudes, respectively, and
Q = 2ko, . Analytical solutions of this problem are not
available, generally, and so a degree of approximation is
needed to compute R(Q) for arbitrary p(z). We employ
a common solution method in which p(z) is rendered in
a rectangular approximation. First, the interval [O, L]
containing the film is subdivided by a mesh of discrete z
values, (Z ), and then p(z) is replaced by

p(z)mp(Z ), Z &z&Z +, , (21)

which constitutes a set of slabs of constant scattering
length density. In our case, we cut the slabs [Z, Z +q]
by uniformly subdividing each parameter knot interval
[u;, u, +q] during B-spline rendering. The slabs thus
vary in thickness along the z axis according to the lo-
cal shape of p(z). We solve the Schrodinger equation
exactly for the slab-rendered p(z) by using the transfer
matrix method. ' This leads to the equation

T l ( 1+R
(ingT ) ( in'(1 —R) )

(22)

where ny = n(z) for z & 0, and ns = n(z) for z ) L,

M = MMMM i . . M2Mi,

for M slabs, and

1
sinh lcos h

nfnnsin h cosh —)
(24)

with h = ko, n (Z +z —Z ), and n = n(z) for Z
z & Z +q. Equation (22) is then solved for R(Q).

For finite Q these solutions become exact in the limit
that M —+ oo, but for finite M, rectangular rendering
is intrusive for the reasons discussed in Sec. IIB. Scat-
tering by a stack of slabs ultimately produces Fresnel
behavior for Qd ) 1, where d is the largest slab thick-
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ness, regardless of the shape of the candidate p(z). Thus,
a rendered p(z) which fits data up to Q = Q „ for a
choice of M generally will not fit for Q & Q „using the
same M. However, for a given Q „, there is a small-
est M = M;„, which must be empirically determined,
such that using M ) M;„will not visibly improve the
quality of fit. In general, of course, it is desirable to fit
data using large M, to mitigate the eKects of rectangu-
lar rendering, while also using the smallest number of fit
variables that can work in order to facilitate the search
for acceptible p(z). In the current method, the descrip-
tive and rendering requireinents on p(z) are uncoupled,
as in model-based methods. We can search a relatively
low-dimensional but rich function space without having
to exact rendering penalties over a given, possibly large,
range of data.

Clearly there is a systematic eKect in these data that
neither method captures. The two fitted density profiles
have similar shapes.

Figure 5 presents two parametric B-spline fits to the
same data in Fig. 4, each using six control vertices and
uniform knot sequences. The calculated reflectivities are
nearly indistinguishable from each other over the range
of data. The shape of the profile drawn with the solid
line is roughly similar to the spline profile in Fig. 4, but
the profile shown with the dotted line is substantially
diQ'erent. These two profiles, including the fronting and
backing, are approximately related by an inversion in the
z-p plane about a point (z„p,) near the center of the film,
where z, = L/2 and p, = [p(0) + p(L)]/2. This operation
is not an exact symmetry of specular reflectivity but it
is known to be a symmetry of the Born approximation.
Specifically, if p(z) is the inversion of p(z), then

IV. EXAMPLES p(z) = 2p, —p(2z, —z) (25)

We illustrate the methods that have been described
here with two applications to actual neutron reflectiv-
ity data and one to simulated neutron data. Thus from
this point on we consider only the determination of real-
valued p(z). We have found it effective to start fits with
as few control vertices as can allow reasonable agreement
with low-Q data. Profiles thus trained often can be co-
erced into good fits with the aid of Oslo refinement and
the device of "trickling" data into the fit, one or a few
points at a time. The converse appears not to be true;
profiles initially trained by high-Q data generally do not
lead to good fits. In our experience each set of reflectivity
data presents its own challenges to analysis, which seem
best met by trial-and-error experimentation and. a readi-
ness to quickly abandon unproductive strategies. The fit-
ted spline profiles we show below typically are rendered
with 20—30 slabs per parameter knot segment. In all
cases we check that the rendering is unobtrusive over the
range of data used. The fitted profile curves shown in
the figures are plotted with straight-line interpolation of
the rendered spline points.

Figure 4 shows a fit to neutron reflectivity data from a
titanium oxide film. 4o The film thickness is 160 A. In the
experiment the fronting medium is silicon and the back-
ing medium is an electrolytic aqueous solution. This fit
employs seven visible control vertices on a uniform pa-
rameter knot sequence. The figure also shows the fit
obtained from a least-squares model refinement method
in which the scattering length density was described as a
collection of constant-density slabs joined by error func-
tion segments. The reflectivities from these two fits lie
close to each other except in the noisy portion of the
spectrum at large Q. This difFerence may reflect the fact
that the model fit was error weighted, thus emphasizing
the higher reflectivity values (smaller error bars) in the
noisy portion at the expense of the lower values. The ra-
tio objective function used in the spline fit, as mentioned
in Sec. IIIA, is not error weighted. The model fit also
incorporates instrumental resolution while the spline fit
does not. Note that both are unable to fit the data accu-
rately at very low Q, but they miss by the same amount.

everywhere in z, and its Fourier transform, for real valued
p(z), is

P [Q] = 2p.~(Q) —e ' 'p[Q]; (26)
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FIG. 4. Parametric B-spline fit of reflectivity from a thin
titanium oxide film in contact with electrolyte. (a) Spline
profile using six segments, with symbols as in Fig. 2. The
dotted line is the model profile from Ref. 40. (b) Reflectivity
data (points), spline fit (solid line), and model fit from Ref.
40 (dotted line).



51 USINCx PARAMETRIC B SPLINES TO FIT SPECULAR. . . 11 303

sofor Q$0,
(27)

independently of the center of inversion, (z„p,). Thus
from Eq. (7), the two profiles produce the same refiec-
tivities, asymptotically. Since the spectrum for the ti-
tanium oxide film at small Q electively lies beyond the
critical region where the Born approximation necessarily
breaks down, finding an approximately inverted trans-
form of p(z) may not be surprising. It is interesting,
nonetheless, that inverted forms were discovered rather
easily in the course of exploring different spline fitting
strategies for the spectrum. In this case, however, the
inverted shapes can be rejected on physical grounds.

Figure 6 displays nine B-spline fits to the data of
Fig. 4 employing fitting strategies that resulted in dif-
ferent numbers of control vertices and various uniform
and nonuniform parameter knot segments, ranging from
5 to 15 visible segments. Inverted shapes, in the sense of
Fig. 5, were found for several of these. The correspond-
ing refiectivities lie close to each other over this Q range,
notwithstanding the detailed differences in the density
profiles. However, these profiles are generally similar to
each other and physically meaningful. For example, the

relatively sharp feature seen in some of the curves near
z = 0 could be interpreted as suggesting a thin layer of
silicon oxide, which often is present on silicon substrates.
Evidently these data do not require the clear presence
of a silicon oxide feature in the profile, but the group of
fits on the whole shows that such a feature is consistent
with the spectrum. To this limited but useful extent, the
refIectivity measurement determines a class of acceptable
scattering length density profiles for the titanium oxide
film.

Figure 7 shows a parametric B-spline fit to neutron
reflectivity data from a multilayer consisting of seven
layers of deuterated polystyrene-protonated polyisoprene
diblock copolymer on silicon, with air as the fronting
medium. The thickness of the multilayer is approxi-
mately 1420 A. . The fit was accomplished with 42 con-
trol vertices, corresponding to 6 vertices per layer, and
a uniform parameter knot sequence. A key ingredient
in achieving this fit with relative ease was to train the
Nelder-Mead simplex to be aware of the approximately
periodic multilayer structure without having to touch the
fitting algorithm. We did this by initializing the fit with
random control graphs, each consisting of seven nonover-
lapping groups of six vertices. The manifold property of
the Nelder-Mead algorithm, Sec. IIIA, effectively hon-
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FIG. 5. Additional fits to data in Fig. 3. (a) Two spline
profiles using five segments. (b) Reflectivites shown by cor-
responding solid and dotted lines, which electively coincide,
and the data (circles) as in Fig. 3.

FIG. 6. More fits to data in Fig. 3. (a) Nine spline profiles
resulting from various knot sequences, and the model Bt from
Ref. 40 (thick line). (b) Corresponding re6ectivities (solid
lines), and the model fit (dotted line) and data (circles) as in
Fig. 3.
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to be able to align exactly with the goal. The locations
of these features relative to the fixed end points (Sec.
IIC) are not secured by good fits to the truncated re-
flectivity spectrum because of trade-offs in the density
profile shape that depend on the number of control ver-
tices. One sees similar "slippage" in the titanium oxide
fits of Fig. 6. Data at sufficiently high Q eventually may
discriminate such features, but the relevant portion of
the control space effectively may no longer be accessible
to the searching algorithm. Figure 10 illustrates a com-
plementary behavior. The fictitious goal profile is the
solid line, while the dotted line is a manipulated version
of the fitted profile in Fig. 8, obtained by moving control
vertices by hand. The spline curve, while seemingly close
to the model, actually weaves about it on a scale vary-
ing between approximately 50 A. and 200 A. The corre-
sponding reflectivity spectra break away from each other
at large Q, where ~B(Q)~ is very small for each, due to
the sensitivity of large-Q scattering to dp(z)/dz (Refs. 7,
9) and higher derivatives (Sec. II B). In this example, the
derivatives of the piecewise cosine and parametric cubic
B-spline curves of Fig. 10(a) are farther apart from each
other than the profiles themselves are, especially along

the leading edge and in the dip between 600 A and 1000
A. . Of course, as Fig. 8 illustrates, B-spline profiles can
be found that lie close to the model while also producing
reasonably close fits of the spectrum in the indicated Q
range. A fit procedure, naturally, will tend to find pro-
files that lie close to the goal in the reflectivity measure,
even if—as the previous examples have illustrated they
do not always lie pointwise close in real space. How-
ever, as shown in Fig. 10, the "distance" between density
profiles in the reflectivity measure also depends on their
effective "smoothness, " and density profiles that appear
to be pointwise close do not necessarily produce the same
reflectivities.

V. CONCLUSION

We have seen how parametric B-spline curves offer use-
ful low-dimensional representations of scattering length
density profiles in model-free analysis of specular reflec-
tivity. The parametric representation affords an easy
device for the depiction of relatively free-form profile
shapes that may exhibit complicated features combining
different degrees of smoothness. Furthermore, paramet-
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FIG. 9. Parametric H-spline 6t of reHectivity from ficti-
tious density in Fig. 7. (a) A seven-segment spline fit (solid
line) to the model profile (dotted line) as determined by the
portion of the refectivity shown in part (b) of this figure.
Note "inboard" phantom at right. (b) Model reHectivity data
(points) and fit (line) on a linear ordinate scale.

FIG. 10. (a) The piecewise cosine model profile of Fig. 7
(solid line) and a spline approximation (dotted line) made by
manipulating the control vertices of the 6tted spline pro6le
of Fig. 7. The insets show magni6ed sections indicated by
the dotted lines& on the left, 0—60 A. , on the right, 650—750
A. , which is typical of the range 600—1000 A. . (b) The corre-
sponding reilectivities (solid and dotted lines, respectively).
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ric curves are easy to render adaptively by binning the
parameter u common to both the z(u) and p(u) com-
ponents. Cubic B splines, in particular, are mathemat-
ically appropriate for profiles that are likely to be phys-
ically meaningful, and, in the curve fitting context, pro-
vide an effective balance between local and global con-
trol of profile shape. The Oslo algorithm permits di-
mensional refinement of B-spline descriptions while fits
are in progress. Also, efFicient B-spline computational
procedures are available for practical implementation of
these methods.

The Nelder-Mead simplex method is well suited to
searching parametric B-spline spaces for fitting refIec-
tivity spectra, but any optimization technique could be
adapted to this purpose. The manifold property of the
simplex algorithm affords passive enforcement of various
constraints that are especially useful in these applica-
tions, including an effective means of honoring the re-
stricted periodicity appropriate to the description of mul-
tilayers, as was discussed in Sec. IV, Fig. 7.

The use of parametric B-spline curves helps in the dis-
covery of classes of profile shapes that are consistent with
the data. As in the application to titaniun oxide dis-
cussed in Sec. IV, Figs. 4—6, and in the example of Fig.
9, given spectra may not be able to determine profiles
in detail, but parametric B-spline curves can point to
features that are common to classes of fitted shapes.

Based on these experiences, we remark briefly on the
roles of model-&ee and model-based fitting procedures
for analyzing refIectivities. While fitting to models is the
more restrictive approach, such restriction may be what
is desired when the goal is to test specific mathemati-
cal predictions of profile shape. Because function space
is so large, it is difIicult for model-free methods to find
shapes having particular functional forms. For example,
say the model fit shown in Figs. 4 and 6 is the model
to be tested. None of the model-&ee curves found using
parametric B splines fit this function exactly, and several
not even closely, yet all reasonably fit the given spectrum.
Qn the other hand, in model-based methods the models
being used may be guided more by intuition than theory.
This was the case in the titanium oxide model fit, which
is typical of many model-based approaches to reHectiv-
ity analysis, we believe. Then the concerns of testing
the model are somewhat different, and it becomes help-
ful to have model-&ee methods available, as well, to put
proposed models into context in regard to what profile
shapes given spectra may support. Finally, of course, it
may occur that no model easily can be found to explain a
spectrum. Here model-&ee methods, such as the one we
have described, become the tools of first choice, and the
results may guide further refinement using models that
are suggested by such analysis.

posing a B spline are kth-order polynomials, bounded
by a discrete, ordered sequence of fixed u values, fu;),
called knots. The index i locates the B spline on the knot
sequence. For each i, B; 1, (u) is composed of k polyno-
mial segments on the contiguous intervals formed by the
consecutive knots, u;, u;+i, . . . , u, +k, and are otherwise
zero. For nondegenerate knot sequences, B splines of or-
der k belong to continuity class t ";this means they
are continuous everywhere and. have everywhere contin-
uous derivatives, up to and including the (Iz —2)th, but
generally not beyond. The class C signifies piecewise
discontinuous functions, which accommodates the k = 1
case. The continuity requirement, along with normaliza-
tion,

k —1

) B; g(u) =1,
j=O

«u«uq+]) (Al)

C(u) = (x(~), y(u)), u;„& u ( (A2)

The curve is a trajectory in the plane, swept out as the
variable u, called the evolution parameter, moves &om
u~;„ to u~ „.In the case of parametric B-spline curves,
these coordinate functions are expressed as linear combi-
nations of B splines,

C(u) = ) V;B; y l„,}(zz),
&—xnin

(A3)

where the fixed vectors

V; = (x, , y;), z = z;„,. . . , z (A4)

are called the control vertices of the curve. These deter-
mine the curve for given order and knot sequence, since
the B splines are unique, but generally are not on the
curve itself.

For the curves of Eq. (A3) we use a standard correspon-
dence between the control vertices and the knot sequence,
which for given k is summarized by

ZmlQ

max
pm+a

umin

umax

0,
m&k —1,
uo& .uI-i« -. «u +i ««
uI, z (kth knot from the left end),
u~+z (kth knot from the right end) . (A5)

completely determines B;y(u) on a knot sequence.
Parametric B-spline curves are particular instances of

parametric curves. The parametric representation of a
curve means that its coordinates are functions of a real-
valued parameter. A parametric curve C(zz) in the x-y
plane thus has the form

APPENDIX: PARAMETRIC 8-SPLINE CURVES

1. Basics

B splines, B, I, l„,l(u), are non-negative, unimodular,
piecewise functions of a variable u. The pieces com-

A "standard" curve is defined by m+ 1 control vertices
and is traced out as u moves &om uI, i to u +i. The
m —k+ 3 parameter knots uk i). . . ) u~+i are mapped
onto the curve, subdividing it into m —k + 2 segments.
There are m+ k + 1 parameter knots, in all. The first
k —1 parameter knots and the last k —1 parameter knots
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are not mapped to the curve; their purpose is to provide
a sufBcient number of B-spline segments to ensure that
each mapped parameter segment catches its full comple-
ment of k B-spline pieces. A standard curve is contained
in the convex hull of the control graph. The control graph
is the figure obtained by linearly interpolating the con-
trol vertices; its convex hull is bounded by the smallest
convex polygon containing the control graph. In fact,
the convex hull property applies to each segment indi-
vidually. It follows that k collinear vertices produce a
straight line segment, since their convex hull degenerates
to a line.

C(u) is the union of its m —k + 2 nonoverlapping seg-
ments, C~(u), each of which is a weighted sum of k seg-
ment polynomials from k consecutive B splines:

m-I +1
C(u) = ). Ci(u) .

Z=O

(A6)

Segments of a standard curve are determined by overlap-
ping sets of k control vertices, with V~ being the first in
the sequence to have an effect on C&(u), and V~+A, i the
last. Segments C~(u) and C~ (u) are independent of one
another if ~l

—l'~ ) k —1, for then they have no control
vertices in common. The parametric B-spline represen-
tation thus provides graded local control of the shape of
curves, the range of control depending on the smooth-
ness of the curve, in the sense of its continuity class. The
more continuity that is required, the greater the order
that must be used and the greater the segmental range
of the B splines composing the curve. The smoother the
curve is, in the precise sense of its continuity, the more
extended the range of its control vertices; the less smooth
it is, the more localized the control.

The continuity of parametric B-spline curves is not
determined solely by the order k. Rather, C is the
smoothest continuity class curves can be in. The actual
continuity depends also on whether the knot or control
sequences have degenerate entries. Degeneracies in either
have similar geometrical consequences: The continuity
class of a kth-order B spline having a p-fold knot or ver-
tex multplicity is C" ~, where p = 1 means nonde-
generacy. In particular, in curves of order k, when k —1
consecutive vertices occupy the same point, they draw
the curve into a corner cusp (discontinuous tangent) at
that point. It is noteworthy that such a simple device
produces sharp features in an otherwise smooth (to the
eye) curve, in contrast, say, to the use of Fourier compo-
sition. In the current application we use nondegenerate
knot sequences but allow degenerate control vertices to
occur in the fitting procedure.

the space of kth-order polynomials, with C" continuity
at nondegenerate knots. Thus "splines, " in general, may
be defined as linear combinations of B' splines. The el-
ements of S" are the coordinate functions, and the basis
B; I, I„,l(u) ~o can be lifted to the 2m-dimensional direct
product space S S, whose elements are the parametric
spline curves C(u) in Eq. (A3).

Now consider that the knot sequence (u;)o +" is con-
tained in the sequence (io~)0 + +", which is larger by
n knots. This means that every u; in the smaller set
coincides with some m~ in the larger set. In prac-
tice, the n extra knots of (m~)0

+"+" are inserted into

(u, }o+", a process called knot refinement. Conven-
tionally these new knots only go into the standard
interval [uA,. i, u +i) of the original sequence. Then
S"((u;)o +") C S"((m~ )o

+"+ ); the original spline
space is a vector subspace of the refined vector space.
The refined space has a "new" B-spline basis Kz I, (u) =
B; I, I .&(u), which serves also a basis for any of its sub-
spaces. Thus the original B splines can be expanded in
the refined basis:

B;A,, (u) = ) n;I, (j)K,, I, (u).
j=O

(A7)

C(u) = ) V;B,, l, (u) = ) W~%~ g(u). (A8)
i=O j=O

Indeed, substitution of Eq. (A7) into Eq. (A8) leads
20,24

W, = ) n;g(j)V;, j =0, . . . , m+n.
i=O

(A9)

This method of spline curve refinement is known as the
"Oslo algorithm" ' and is incorporated into our fitting
procedure.

3. Recurrence and implementation

On a given parameter knot sequence, B splines satisfy
the recurrence

The transformation coeKcients n; ~(j) are called dis-
crete B splines and can be calculated from the two knot
sequences.

A curve C(u) lifted from S"((u;)e +") by a control
sequence (V)0 can also be lifted from an embedding
space S"((tu~)o + +"), using a refined control sequence
(+)TB+fL,

2. Vector spaces and refinement B', (u)= *
B*, i(u)+ '+" B~i, i(u)

For a fixed knot sequence (u;)o +",B, I, I .I (u) ~e are a
basis for the spline space S(P",(u;)0 +",C" 2) of dimen-

sion m+ 1. We abbreviate this as S", or as S"((u,.)0 +")
when needed. The fully articulated notation conveys that
elements of S" are formed piecewise &om elements of P

(A1O)

for r = 2, 3, . . . , k. This is seeded by B; i(u), which is
unity for u c [u;, u, +i), and zero otherwise. Degenerate
knots are accommodated by ignoring terms with vanish-
ing denominators. The curves C(u) can be computed
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directly from a similar recurrence, found by substituting
Eq. (A3) into Eq. (A10) to obtain

transformations of the u axis. Let u = au+ b, for any
constants a and b. Then

[r—1]( )
u +i V[r]( )

+i+r 1 u V[r]
(

~i+~ —a
—~i &~1 ~i

+i,k, (u3 (&) —+i,k, Ia) (u) ~ (A13)

(A11)

for r = k, . . . , 2. When Eq. (All) is initialized with

V, (u) = V; for i = 1, . . . , m, it terminates with[A:]

for up ( u ( u +I, and for up ( u ( u +k. This is seen
by substituting

C(u) = V[ ](u), (A12) in Eq. (A10), for any i, i' and i". Thus, from Eq. (A3),
it follows that, for a given control graph,

where b is the unique index such that ug ( u ( up+~.
The pseudocode for this procedure is given in Ref. 20,
Chap. 20. Actually, Eq. (A12) is computationally ex-
pensive where fine-grained rendering is needed. In our
calculations, we use, instead, a more efBcient variation
of this scheme, prescribed for situations in which several
values of u are likely to trigger the same value of b.
A similar recursive procedure can be developed for the
Oslo algorithm, Eq. (A9). For that we use a version of
the pseudocode in Ref. 45.

C(u) = C(u) .

Uniform B splines are composed on uniform knot se-
quences, fu, )o

+" ——uo +iE, for any constant A. They
have the unique property of being translates of each
other:

B; k(u) = Bo k(u —iA) .

Because of aFine invariance, uniform knot sequences can
be restricted to the integer sequences

4. Parameter knot selection 0, 1, . . . , k —1, . . . , m+1, . . . , m+k. (A15)

While the number of parameter knots in the sequence
ju;)o +" is fixed by the number m of control vertices
used to make C(u), the actual location of these knots
remains to be chosen. The choice can be guided by the
convenient fact that B splines are invariant under afFine

These are convenient starting points for adding knot de-
generacies and for Oslo refinement, both of which destroy
uniformity. In our reHectivity analysis, we will always
begin with uniform sequences and, if desired, subdivide
intervals by halving for Oslo refinement.
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